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Abstract
According to the National Highway Traffic Safety Administration’s Fatality Analysis Report System, more than 25 percent of 
fatal crashes occur on horizontal curves. High Friction Surface Treatments are an innovative, cost-effective, and sustainable 
means of improving roadway safety, which could improve the safety of this alignment. This research involved a comprehensive 
review of crash data to identify the correlation between pavement skid number, roadway curvature degree, crash rate, and crash
severity. The dataset showed that greater injury occurred on higher degrees of curvature, and lower skid numbers correlated to a 
higher percent of wet road crashes. Also, around a skid number of 55, an increase in skid number no longer resulted in decreased 
crash rates. The goal of this research is to use these correlations to develop Crash Modification Factor that would integrate 
pavement friction and horizontal curvature, to enhance the accuracy of the current Highway Safety annual performance function.
© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015.
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1. Introduction and Background
According to the National Highway Traffic Safety Administration, an average of 90 deaths occurred on the U.S. 
highway system each day in 2014 [1]. Hence it is important to investigate cost efficient methods of improving 
roadway safety, while still being sustainable and conscious of the environmental impacts. With approximately 25 
percent of fatal crashes occurring along horizontal curves, implementing strategies that focus on improving this 
roadway alignment will contribute to overall traffic safety goals [2]. 
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The American Association of State Highway Transportation Officials (AASHTO) A Policy on Geometric Design 
of Highways and Streets is a comprehensive manual with guidelines and aides used in the design of transportation 
systems. According to the manual, a safe horizontal curve must comply with the following equation, where e = rate 
of superelevation, fs = side friction (demand factor), Rmin = radius of curve, V = vehicle speed [3]:
(1)
Based on the above equation, speed on a horizontal curve, is affected by three parameters: Rmin, fs, and e. Radius 
(Rmin) is defined as one of the safety risk factors at horizontal curves. Research performed by Iowa DOT showed 
that a lower radius has a significant impact on roadway departure safety [4]. However, increasing curve radius 
(Rmin) may be unlikely due to right-of way constraints. Adjusting e values can also affect roadway safety. 
Researchers have identified that having minimal superelevation is “high-risk” for roadway departure crashes on 
horizontal curves [5]. However, increasing the superelevation in order to achieve safer speeds can be difficult due to 
labor and material cost constraints.
Unlike the previous variables, pavement friction (f) can relatively easily be modified through the application of 
high friction surface treatments. As a result, friction factor modification is an option that can be implemented at a 
much lower construction cost, schedule, and less interference to the surrounding ecosystems. It is a sustainable 
engineering system because the design does not compromise the natural environment.
This research aims to evaluate whether friction factor actually has an influence on crash incidents and determine 
if increasing this value on horizontal curved roadways will improve safety.  The results of this research are relevant 
because they have the capacity to contribute to the existing crash prediction manual, the Highway Safety Manual 
(HSM). Although the HSM provides a method to quantify changes in crash frequency as a function of several 
characteristics such as cross-sectional features and geometric alignment, it does not currently take pavement 
characteristics such as friction factor and skid number into account. As a result, this research is practical, and has the 
potential to greatly enhance the study of sustainable roadway safety levels.
2. Research Objectives
The objectives of this research are to:
x Conduct a comprehensive review of crash data
x Identify any correlation between crash severity, type, and pavement skid number
x Develop Crash Modification Factor of pavement friction factor
x Establish a framework for an economic feasibility analysis on pavement friction factor 
3. Literature Review
3.1 Pavement Friction
Friction factor is the amount of resistive force between a vehicle tire and the roadway. Pavement friction plays an
important role in keeping vehicles on the road because it allows drivers to control their vehicles safely, in both the 
longitudinal and lateral directions. In general, the higher the friction available, the more control drivers have over 
the vehicle. It is therefore a key aspect of highway geometric design. Friction can be measured in various forms such 
as a friction factor or skid number. Skid number and friction factor are therefore directly correlated, in that a higher 
skid number indicates a higher friction factor.
3.2 High Friction Surface Treatments
High Friction Surface Treatments (HFSTs) are pavement resurfacing overlay systems with exceptional skid 
resistance.  They also retain this property for a much longer period of time. The recommended aggregate to in HFST 
is calcined bauxite, which would provide the highest resistance to polishing [6]. Other materials that have also been 
evaluated for this purpose include flint, granite, and slags, which are all commercially available. The binder 
materials can include Bitumen-extended epoxy resins, epoxy resin, polyester-resin, polyurethane-resin, or acrylic-
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resin. The installation process can be done with either manual or machine automated mixing [7].
HFSTs are usually applied in shorter sections or spot locations where friction demand is important, such as 
horizontal curves, intersection approaches, and steep grades. It can therefore increase curve safety by preventing 
roadway crashes and ultimately fatalities. Incorporating additional pavement friction in design may be a key element 
in ensuring roadway safety, since vehicle crashes are highly correlated to the amount of pavement friction available 
[8].
3.3 Case Studies
Much research has been conducted on friction factor modification. A recent article assessed the role of pavement 
macrotexture in preventing crashes on highways in the State of North Carolina. Regression analysis on crash data 
indicated that the number of crashes decreases as the coefficient for pavement macrotexture increases. Therefore, 
maintaining higher pavement macrotexture could possibly reduce crashes and provide safe transportation to road 
users on highways [5].
In the states of Kentucky, West Virginia, South Carolina, California, New York, and others have had much 
success in HFSTs. Locations were identified that experienced a high percent of wet crashes due to a combination of 
the high degree of curvature, low friction, and aggression of the drivers. After installation, projects showed 
reductions in wet crashes that were over 50%. At a low project cost, fatalities and injuries were also reduced, which 
is a testament to its success [6, 7, 9].
4. Study Location and Data Collection
This research used three years of crash data on Florida’s state highway system roadways, from 2010 through 
2012.  The On-System Crashes file shows mapped crash locations for Long-Form-reported crashes within the state 
of Florida, on or involving the State Highway System (SHS). The information contained in this file has been 
compiled from information collected by the FDOT Safety Office for the purpose of identifying, evaluating, or 
planning safety enhancements on Florida's roadways. It contains information that is to be used to develop highway 
safety improvement projects. Access to the information contained in this file, or otherwise originating from the 
Florida Department of Transportation (FDOT), Safety Office or from the Crash Analysis Reporting (CAR) System 
is restricted to government agencies and to employees of government agencies working on projects that require 
access to crash report data.
The data files used in this research project included data from a total of 153,999 crashes in the year 2010; 
131,857 crashes in 2011; and 153,886 crashes in 2012. Most of the incidents report took place on urban roadways. 
The dataset includes details of each incident including information such as crash location, curve degree, skid 
number, road category, injury level, annual average daily traffic (AADT) and weather conditions. 
5. Methodology
The aim of this research was to explore the correlation between pavement conditions with respects to skid 
resistance and roadway safety. Only the data with horizontal curve degree information were analyzed, reducing the 
data to 62,482 incidents over three-year period. With the total dataset numbering at 439,742 crashes. A flow chart of 
the research process can be found in Figure 1 below. The first five steps have been completed. 
Fig. 1. Research Process Diagram
6. Data Analysis and Results
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6.1 Road Surface Conditions
To further investigate the relationship among skid number, weather, and roadway surface with crash 
characteristics, in-depth analysis among those factors was conducted. Although weather does not change the skid 
number of the roadway, it can exacerbate the problem by preventing vehicles from obtaining adequate friction 
needed to stay on the roadway or come to a stop. Therefore, dry, wet, icy, and slippery roadway conditions were 
investigated. In the same context, three categories of curvature degree were analyzed. 
Figure 2 represents road surface conditions and skid number distribution per curvature degree from the entire 
unfiltered reported crash database. For greater than seven degrees of curvature, the average skid number decreased 
significantly for all road conditions. This indicates less traction between the road and the wheels on higher degrees 
of curvature over the study period of three years.  It is also noteworthy that average skid number was always higher 
for the dry road, proving that friction is particularly important during wet and icy road surface conditions.
Fig. 2. Road Surface Conditions and Average Skid Number
In order to determine the desired and skid number that correlated to a reduction in crashes, all of the data was 
analyzed with respects to the percent of crashes under each roadway condition versus the skid number. As 
mentioned in the methodology, this data was filtered to only include crashes in which the skid test date for the 
roadway and the actually crash were less than a year apart. This was meant to insure the greatest accuracy. In Figure 
3, the skid number is plotted against percent of wet road crashes. There is a clear downward trend where an increase 
in skid number reduces that amount of crashes under wet roadway conditions. As also represented by Figure 3, the 
inflection point was approximately at 40, and the percent wet crashes nears zero around a skid number of 60. 
Therefore, for this dataset, a minimum skid number of 60 was optimal because it minimized the percentage of 
crashes on wet roadway conditions. A few outliers in the data may be due to the fact that human factors are involved 
in both driving and crash data collection. They may also be due to ponding or hydroplaning
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Fig. 3. Percent of Wet Crashes vs Skid Number
6.2 Crash Rate
After this examination, crash rate was taken into consideration. Performing a crash rate analysis gives the 
relative safety of a roadway by taking exposure such as roadway volume and length into account [11]. For this 
research, FDOT provided the AADT of the roadway for each reported crash. Crash rate can be calculated by the 
following equation where R = crash rate, N = number of years of data, V = Traffic volumes entering daily. No data 
was provided with respects to segment length, which is typically included in the formula, so this value was taken as 
one for uniformity across all crash sites. 
(2)
When traffic volume or AADT was taken into account, skid number was plotted against crash rate and produced 
the plot in Figure 4 below. Figure 4 is filtered to only include crash dates and skid test dates within one year. It
represents all curve degrees. For this dataset, the skid numbers with the lowest crash rate occurred again around a 
value of 60 under for wet, slippery, and icy roadways. As a result, this coincides well with the previous investigation 
of road surface conditions, in which skid number was plotted against wet crashes.
As shown, the data in Figure 4 was shaped like a bell curve with the greatest crash rate was around 40. It was 
anticipated that the plot would show a strictly inverse relationship, similar to Figure 3. This may be due to the fact 
that exposure was considered. Also, for this data set, the AADT values tended to be higher for skid numbers less 
than 40. Since crash rate is inversely related to traffic volume, lower crash rates were evident for the left half of the 
bell curve.
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Fig. 4. Skid number versus Crash Rate
6.3 Crash Severity
The data was also reviewed based on injury, an indication of crash severity. The data was divided based upon 
both curvature and injury level. Afterwards, the average skid number was calculated on wet road conditions. The 
results can be seen in the top half of Table 1. When looking at a particular injury level, there was no major 
correlation between an increase in curve degree and a decrease in skid number as seen before. Therefore, based upon 
the data there was no major correlation between injury or severity, curvature, and skid number. Although wet roads 
do not change the inherent roadway skid number, it can decrease the amount of traction vehicles can obtain and 
therefore exacerbate any existing friction demand issues.  It was seen for injuries one through four that skid number 
decreased at the highest range of curvature.
Table 1.  Average Skid Number Per Crash Severity and Curve Degree
Degrees 
of Curvature
No Injury
Possible 
Injury
Non-
capacitating 
Injury
Incapacit
ating Injury
Fatality 
(within 30 
days)
Non-
traffic Fatal
0-2 35.91 36.01 36.06 36.32 38.00 35.00
3-6 36.54 36.83 38.18 37.21 38.75 42.00
>7 34.02 32.50 35.81 35.67 39.75 -
The highest injury levels were further explored. Ultimately, the effect of curve degree on crash severity can also 
be measured by the number of fatalities, reported in the form of injury levels 5 and 6 by FDOT. Based on Table 2
below, the percent of fatal crashes were at a minimum for curve degrees zero through five. However, values spiked 
significantly for six and seven degrees.
Table 2. Percent Fatalities on Wet Curves by Degree
Curve Degree Total Fatalities Total Crashes Percentage (%)
0-2 82 9463 0.085
3-6 13 1984 0.655
7-9 4 200 2.000
Sum 99 11647 13.321
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It was also notable from Table 2 that although the percent of fatalities increased with curve degree, the 
percentage at eight and nine degrees was zero. One possible explanation is that it is rarer to have roadways with 
such a high degree of curvature. As a result, there were only a few data points to assess to begin with, and the cases 
of fatalities, which are also rare, were very few.
Another possible cause for this trend is that an eight or nine-degree curve is more severe and drivers may feel 
more cautious and slow down as opposed to five or six degrees where they may still perceive confidence. Perhaps 
straighter roads give drivers more confidence, and thus they are more likely to increase their driving speeds. In 
contrast, on more curved roadways drivers tend to reduce their speeds, however these are just a hypothesis since 
many factors influence driver behavior.
7. Conclusions and Future Steps
7.1 Conclusions
High Friction Surface Treatments are a low cost and sustainable means of improving roadway safety. Previous 
case studies conducted throughout the United States have proven to reduce crashes in potentially dangerous areas. 
This research involved the analysis of three years of crash data provided by the Florida Department of 
Transportation. Horizontal curves deserve special attention because they result in less available tire to road friction 
higher, advanced crash rates, and greater injury. The results of this research showed these correlations.  The skid 
number and therefore available tire to road friction generally decreased with an increase in curve degree, particularly 
for wet, icy, and slippery road conditions. For this dataset, the skid number that minimized crashes was identified as 
60. This was confirmed when the exposure factor was taken into consideration. In addition to road conditions, injury 
level and number of fatalities, an indication of crash severity, also increased with curve degree. For higher degrees, 
the data correlations were not as evident, likely due to less data on such severely curved roadways as well as human 
driving factors such as perceived confidence. As a result, horizontal curve safety must be improved, and high 
friction surface treatments are a viable option.
7.2 Future Steps
The next portion of the research process will involve multivariable regression modeling in order to develop a 
Crash Modification Factor that could be used in the Highway Safety Manual. The data would need to be further 
divided based on information such as roadway classification and intersection vs. segment crashes, etc. The research 
will also require establishing a framework for an economic feasibility analysis on pavement friction factor. 
Depending on the findings, this research can also be expanded to investigating the safety of intersection 
approaches as well as very steep grades, therefore improving roadway transportation safety as a whole and 
enhancing the quality of life. With such a high benefit cost ratio, high friction pavements can be implemented in 
other countries as well to reduce crashes, injuries, and ultimately fatalities. As a result, this research can be practical, 
and has the potential to greatly enhance the study of roadway safety levels in a sustainable manner.
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